Published online in Wiley Online Library (wileyonlinelibrary.com) 12 We study dynamic liquid bridge formation, which is relevant for wet granular flows involving highly viscous liquids and 13 short collisions. Specifically, the drainage process of liquid adhering to two identical, non-porous wet particles with dif-14 ference initial film heights is simulated using Direct Numerical Simulations (DNS). We extract the position of the inter-15 face, and define the liquid bridge and its volume by detecting a characteristic neck position. This allows us building a 16 dynamic model for predicting bridge volume, and the liquid remaining on the particle surface. Our model is based on 17 two dimensionless mobility parameters, as well as a dimensionless time scale to describe the filling process. In the pres-18 ent work model parameters were calibrated with DNS data. We find that the proposed model structure is sufficient to 19 collapse all our simulation data, indicating that our model is general enough to describe liquid bridge formation 20 between equally sized particles. Flow of highly saturated wet granular matter is encountered 28 in a wide range of engineering applications, particularly in the 29 energy sector, or the pharmaceutics and food industry.
Only few theoretical and experimental studies in the litera-tional assumptions for the liquid volume present in the bridge. 162 With this in mind, we have started investigations to establish a 163 detailed model that is able to predict liquid transport and the 164 distribution of liquid between two spheres in our recent 165 work. 43 In the present work, we systematically study the liquid between the liquid present on a particle and the bridge volume.
186
Such a model requires the specification of only three dimen-187 sionless parameters, as we will show in the following. While 188 our work is currently limited to smooth particles of identical 189 size, the model proposed by us can be easily re-calibrated to 190 account for, that is, particle roughness, or particle size differ-191 ences once data for the amount of liquid in the bridge is avail-192 able for these situations.
193
In the following, we first describe the methodology used to viscous filling stage, and we are the first to provide a dynamic 203 model for predicting liquid bridge formation. Also, the effect 204 of grid refinement, as well as that of the Reynolds number, are 205 carefully analyzed as well. Finally, we discuss our findings 206 and provide conclusions that should guide the application and 207 future extension of our model. 208 Methodology 209 Initial and boundary conditions 210 We consider two identical smooth spheres, which are fixed 211 in space, that is, the spheres' relative velocity is zero. In this 212 work, we consider the general situation of an asymmetric liq-213 uid bridge, that is, the thickness of the films initially present 214 on the particle surfaces are different. In what follows, we 215 define that particle 1 always has less liquid compared to parti-216 cle 2, as shown in Figure  F1 1 (panel a). R is the sphere radius for 217 two particles, and h 1 and h 2 are the initial film heights of parti-218 cle 1 and particle 2, respectively. S is defined as the half sepa-219 ration distance between the particle surfaces. 220 The initial shape of the liquid bridge has been set according 221 to the initial film height and the particle separation. Because 222 we do not simulate the approach of the spheres, and hence 223 cannot predict the deformation of the liquid films on the parti-224 cle prior to coalescence, we must assume the initial bridge 225 shape right after the films have coalesced. Specifically, we 226 assume that the liquid in the overlapping region of the liquid 227 films (i.e., red and green shaded regions in Figure 1b ) is 228 instantaneously displaced laterally, and flows into a ring-229 shaped region. The latter is illustrated by the red solid area in 230 Figure 1b , that is, the bridge has been considered to be cylin-231 drical at time zero. Geometrical considerations, discussed in 232 greater detail in "Geometrical Bridge Volume" section, can 233 now be used to predict the size of the ring-shaped region. 234 These considerations, as well as the assumption of zero initial Grid Refinement" for more details). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
267
Another critical point when it comes to two-phase flows is 268 the prediction of the dynamic contact angle, since this is not a 269 constant, but is influenced by the speed of the three-phase con-270 tact line. Unfortunately, the current implementation of 271 dynamic contact angles in the "interFoam" solver has not been 272 verified, and hence we are unable to accurately simulate the 273 motion of three-phase contact lines. However, we have spared 274 out this detailed by simply assuming that the spheres are com-275 pletely coated, and hence there is (initially) no three-phase 276 contact line in our simulations. This allows us to apply the 277 "interFoam" solver for our studies of two coated particles 278 without additional modifications. It must be mentioned here 279 that for long times we observe a rupture of the liquid film pres-280 ent on the spheres. In such a situation a three-phase contact 281 line forms, and hence, our solver will deliver inaccurate (but 282 still physical) predictions of the liquid bridge shape after rup-283 ture. We accept this inaccuracy for the time being, and simply 284 have not considered data collected after film rupturing events 285 in our analysis.
286
The transport equation for a color function, representing the 287 volume fraction of the liquid phase, is solved together with the 288 continuity and momentum equations:
where U is the velocity field shared by the two fluids (i.e., the 289 liquid on the spheres and the surrounding gas) throughout the 290 flow domain, and a is the phase fraction indicator. q is density, 291 p is pressure, and f b are body forces, which include (1) surface 292 tension effects at the interface, and (2) gravity. However, 293 effects due to gravity have been neglected in our simulation, 294 because viscous and capillary effects are dominant in situa-295 tions involving relevant particles (i.e., in situations in which 296 particles have a diameter that is smaller than the capillary 297 length). The phase function acan proceed within the range 298 0 < a < 1, with alpha being zero (or unity) in regions occupied 299 by the gas (or the liquid), respectively.
300
The physical properties are computed as averages based on the 301 distribution of the liquid volume fraction a. Specifically, we use:
302 where q l (or l l ) and q g (or l g ) are the density (or the dynamic 303 viscosity) of the liquid and gas, respectively.
304
Relevant dimensionless quantities describing the problem 305 can be readily identified: the dimensionless initial film heights, 306 the dimensionless separation distance, the bridge volume and 307 the amount of liquid on particle surface normalized by a refer-308 ence volume (i.e., the particle radius cubed R 3 ), the density 309 and viscosity ratio between the liquid and the ambient gas, the 310 pressure scaled with a typical capillary pressure (i.e., surface 311 tension over the particle radius) and the velocity scaled with a 312 typical capillary speed (i.e., the ratio of surface tension and 313 viscosity of the liquid). The relevant time scale can be based 314 on a corresponding viscous time scale, which is chosen to be 315 the ratio of the particle radius and the capillary speed. Finally, 316 we may want to consider the effect of the fluid's inertia on the 317 filling process, and hence a Reynolds number can be defined 318 based on the capillary speed, the particle radius, and the fluid 319 viscosity. Note, that alternatively an Ohnesorge number can 320 be defined, with is simply the inverse of the square root of the 321 Reynolds number as summarized below: 383 By employing an overall mass balance it is then straight for-384 ward to predict the liquid residing on the contacting particles.
385
For the initial stage we simply aim on correlating the bridge 386 volume after t 1 5 1 with the most important process parame-387 ters. Specifically, we simply choose the key geometrical 388 parameters, which are (1) the initial film height h 0 , as well as 389 (2) the half separation distance S.
390
The next section of the article details on a postulated model 391 to predict the time evolution of liquid bridge volume in stage 392 II. Specifically, we use a phenomenological closure for the 393 flow rate between the film and bridge compartment. We 394 assume the flow rate to be proportional to the difference of the 395 mobile fraction of the liquid on the particle and half of the 396 bridge volume. To compute the mobile fraction of the liquid 397 present on the particle, we use a single parameter which is 398 called the mobility parameter / m,i . This parameter is simply 399 the ratio of the mobile liquid (i.e., the portion of liquid which 400 flows into liquid bridge region) on a particle divided by the 401 total liquid content on particle i. We will see in the "Results" 402 section that the mobility parameter itself is a function of the 403 initial film height and the particle separation, but is invariant 404 in time. For now, we simply use / m,i as a parameter that is 405 constant during the filling process. Using a dimensionless fill-406 ing rate parameter a i (which one can assume to be specific for 407 (8) 421 Figure 2. Typical velocity field for fluids flow over two fully coated particles using DNS.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] In order to close the proposed model (see "Results" sec-428 tion), it is useful to define a reference bridge volume based on 429 geometrical arguments. For such a geometrical bridge volume 430 we have considered two types which are illustrated in Figure  F4 (given by the assumed spherical shape of the liquid films on Figure 3 . Sketch of (a) the gas-liquid interface between two particles, as well as (b) the sampling procedure used to detect the neck position.
467 the particle) must be laterally displaced when the particles 468 approach each other. This liquid is assumed to flow into a 469 ring-shaped region. One can then compute the liquid bridge 470 volume from the red shaded area (see Figure 4 , right panel). 471 Specifically, the volume of the type II bridge geometry can be 472 calculated as follows:
The evaluation of the above equation involves lengthy 474 expressions, and is detailed in Appendix B. Unfortunately, this 475 evaluation also requires an iterative procedure, making it less 476 attractive for direct evaluation during large-scale DEM-based 477 simulation. 478 We next compare these two types of models for the geomet-479 rical bridge volume for two situations: in situation A we 480 increase the liquid content (i.e., the initial film heights), but 481 assume contacting particles (i.e., zero separation between par-482 ticles). Results for this situation are shown in Figure  F5 5, which 483 [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. of some exponent n: 
Thus, we see that we can obtain a reasonable collapse of our 558 data on a straight line for this choice of n and for
We also note that (1) the normalized bridge volume linearly 560 decreases with increasing separation distance, and (2) that the 561 bridge volume is a super-linear function of the film height.
562
The former fact is in agreement with the type II geometrical [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 7 . Effect of the separation distance on the bridge volume as a function of the initial liquid content (type II model).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 8 . Normalized initial bridge model K V1 vs. normalized separation distance.
571
In summary, our model for K V1 could already be used to 572 compute V 1 b;0 for a collision involving two wet particles using 573 Eq. 15. However, we next aim at using the geometrical bridge 574 volume of type II to normalize the calculated initial bridge 575 volume. We do this since this model accounts for the effect of 576 the separation distance on the bridge volume, and we expect 577 that a normalization with this geometrical bridge volume 578 yields a variable that is independent of S 1 .
579
Specifically, we define the variable K V2 as the ratio of the 580 measured initial bridge, the geometrical bridge volume calcu-581 lated using the type II model (refer to "Type II" section), and a 582 function of h 1 0 :
Again, n is a parameter that is used as an exponent of the 584 initial film height, and helps to collapse all data into a single 585 curve. We expect that n is close to zero, that is, that the geo-586 metrical bridge volume based on the type II model is sufficient 587 to account for any effects due to the film height. The results of 588 our analysis are displayed in Figure  F9 9, which illustrates that 589 the variable K V2 is independent of the average film height, 590 when choosing n 5 0.2. For the K V2 model, we also suggest a 591 linear relationship between the normalized liquid bridge vol-592 ume and the separation distance:
593
In addition we note that assuming n 5 0, that is, using a nor-594 malization purely based on the geometrical bridge volume, 595 would be also a good approximation (data not shown). Inter-596 estingly, we find that K V2 h 1 0 À Á n % 1:3 for zero separation, 597 indicating that the geometrical bridge volume of type II is 598 indeed a good approximation of the initial bridge volume. 599 Also, we find that K V2 increases with increasing separation, 600 indicating that the geometrical bridge volume of type II over-601 compensates the decrease of the bridge volume. Thus, our 602 DNS data suggest that the bridge volume is systematically 603 larger for S 1 > 0 than that based on geometrical arguments. 604 The exact reason for this is could not be isolated. However, it 605 is clear that in the DNS the deformation of the gas-liquid We start with looking at the time evolution of bridge vol-619 ume and liquid present on the particle for the situation of zero 620 separation start by taking one case for example (see Figure  F10 621 10). We obtain the following parameter set / m1 5 0.49,
622
/ m2 5 0.38, and find that mobility parameter of particle 1 is 623 somewhat larger than that of particle 2 (particle 1 initialized 624 with less liquid content than particle 2). Furthermore, we find 625 that the dimensionless filing rate coefficient a i (i.e., the inverse 626 of a dimensionless filling time scale) is approximately 0.025.
627
This value fits all our data reasonably well, and hence we 628 accept a i to be a universal constant from now on.
629
Results in Figure  F11 11 are also obtained for the zero separation height always leads to larger bridge volume, which is obvious. 641 We also can see that the filling process levels off after about 642 50 dimensionless time units. This is also suggested by the 643 inverse of the constant a i , which has been fixed before. ); Blue triangles: liquid content on particle 2 (L 644 However, the filling process has not completely stopped at 645 t 1 5 50. Indeed, we find that when running the simulation for 646 a longer duration the filling process will end at some point due 647 to the rupture of the film on one of the two particle surfaces. 648 We will discuss this peculiar behavior later (see section "Film 649 Rupture and Grid Refinement").
650
Considering now separations larger than zero, we again see 651 that the model is able to approximate the DNS data well (see 652 Figure  F13 13, for S 1 5 0.045, h However, 653 we find that the parameters / m1 and / m2 change. Specifically, 654 the value of the mobility parameters is now / m1 5 0.42 and 655 / m2 5 0.39, respectively. Thus, the mobility of the liquid on 656 the particles becomes smaller for S 1 >0 compared to the case 657 with S 1 5 0. Our interpretation of this fact is that less liquid is 658 mobile to flow into the bridge when the particles have a certain 659 separation. Again, we can see from Figure  F14 14 that larger initial 660 film height causes larger liquid bridge volume, as expected. 661 We now aim on demonstrating that our model is able to rep-662 resent data for a variety of dimensionless initial film heights. 
674
For the difference in the mobilities, denoted as D/ m 5 675 j/ m1 2/ m2 j and illustrated in Figure  F16 16, we find the follow-676 ing approximation:
Next, we aim at correlating / m with the separation distance. 678 Specifically, we consider data sets for variations in the initial 679 film height and separation distance shown in Figure  F17 17. Again, 680 we can collapse all data for different initial film heights when 681 normalizing it with some function of the initial film height. 682 Specifically, we define the variable K /m to be
683
Based on the data shown in Figure 17 , we find the following 684 relationship for K /m :
685
The meaning of these relationships is that the average 686 mobility of the liquid on the particle surfaces systematically Therefore, grid refinement plays an important role for [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
721 predicting the final rupturing process. Moreover, it can be 722 observed that a finer mesh yields a rather smooth curve, in 723 contrast to the results for the coarser grid in which the bridge 724 volume appears to fluctuate. This is again caused by the more 725 challenging detection of the neck position in the case of a 726 (comparably) coarse grid.
727
We have observed in our simulations that the film rupturing 728 phenomena occurs on particles with less liquid. The obvious 729 reason for film rupturing in the simulation is inadequate reso-730 lution of the liquid film in the neck region. The thinning of the 731 film there is caused by the pressure difference over the neck 732 region, which drives the flow of liquid into the bridge: due to 733 the complex shape of the gas-liquid interface in this region, 734 the pressure changes in a nonlinear way in the neck region. 735 The pressure distribution is such that more liquid exits the 736 neck region than can flow from the film toward the neck. This 737 leads to a thinning of the film, and once the film thickness is in 738 the order of the grid resolution, it will rupture. We hence must 739 limit the applicability of our model to situations well before 740 the rupture event occurs in the simulation, that is, to t 1 < 100. 741 Reynolds number and density ratio effects
742
In order to further investigate the model's ability to reflect 743 various real-world situations, we checked the effect of the 744 Reynolds number on the filling process. Therefore, we have 745 chosen a situation with rather thin films (i.e., h As we can see from Figure  F20 20, the points at which film rup-749 ture occurs are almost identical. Also, we observe that larger 750 Reynolds number lead to an earlier film rupturing event (see 751 Figure  F21 21). However, the filling process of the bridge is not 752 substantially affected by the Reynolds number. Hence, we 753 draw the conclusion that the Reynolds number plays a negligi-754 ble role for the bridge filling process, at least in the range of 755 parameters we have investigated. 756 Finally, we have investigated the effect of the density ratio 757 on the liquid bridge filling process (see our results in Figure  F22 758 22 for the density ratios of q 5 10, and q 5 1000). The density 759 ratio is a critical parameter for the numerical simulation, since 760 simulations with a smaller density ratio are typically easier to 761 conduct. As can be seen from Figure 22 the density ratio has 762 little effect on the liquid bridge filling process as long as 763 q ! 10, and the rupturing event is delayed by about five 764 dimensionless time units in the case of the low density ratio 765 that has been investigated. Therefore, we can safely neglect 766 effects due to the ambient gas density when considering bridge 767 filling in gas-liquid-particle systems.
768
Initial bridge shape effects
769
In this section we summarize data on the effect of the ini-770 tial shape of the liquid bridge on the bridge filling process. 771 As shown in Figure  F23 shape is in the order of 3.3% between "none" and "cylinder", 785 and 3.9% between "circle" and "cylinder". [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 19 . Grid refinement effects on the liquid bridge filling, h [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
786 Discussion
787
In our study, we investigate the liquid bridge and drainage 788 process of liquid adhering to two wet particles based on key 789 dimensionless parameters. We provide a model for the predic-790 tion of dynamic liquid-bridge formation between two particles 791 by assuming that the filling rate of the liquid bridge is not 792 affected by the particles' relative motion. Thus, we assume a 793 quasi-static situation in which particles do not move, but only 794 liquid is mobile to flow into the bridge. We next perform a 795 time scale analysis to probe situations for which such a quasi-796 static assumption is appropriate. 797 
Particle interaction time scales

798
A key question that could not be answered in the current 799 article is what happens in case the particles move relative to 800 each other, and hence the above mentioned quasi-static 801 assumption breaks down. In order to do so, we must identify 802 the limits of the models proposed in the current work. Specifi-803 cally, there are two criteria that need to be satisfied to accept 804 the assumption of zero relative particle velocity: The time for an approaching particle to cross the film, that 821 is, t cross , can be calculated from a typical particle-particle rela-822 tive velocity u rel and the film thickness, that is, t cross 5h 0 =u rel . 
825
Here h 1 0 5h 0 =R is the dimensionless film-thickness, l g is 826 the ambient gas viscosity, and q p is the particle density. Note, 827 that the alternative assumption of u rel 5u ref 5r=l would lead 828 to t 1 cross;u ref 5h 1 0 . However, as explained above in the discussion 829 of t acc , it takes time to accelerate the particles to the capillary 830 speed. Hence, the latter velocity scale is certainly of lower 831 importance for typical applications that are characterized by a 832 large particle Stokes number.
833
In case both dimensionless time scales are much larger than 834 unity, the assumption of nonmoving particles in our simula-835 tions is acceptable. By assuming typical properties of various 836 water-glycerine mixtures, 49 and using parameters typical for a 837 fluidized bed, we have T2 summarized key dimensionless param-838 eters in Table 2 and Figure  F25 25. It can be seen that for most flu-839 idized bed systems the assumption of zero relative particle 840 velocity when modeling liquid transfer is justified. Tables 2  841 and  T3 3 list relevant system parameters for particulate systems 842 involving pure water, as well as mixtures of glycerine and 843 water (60 and 40%). In general, situations with highly viscous 844 fluids (i.e., pure glycerine), appear to conflict with our quasi-845 static assumption. For these situations the relative velocity of 846 the particles might influence the bridge filling process. How-847 ever, for most systems involving typical liquids with a water-848 like viscosity (see Tables 2 and 3 , as well as the illustration in 849 Figure 25 ), we find that the assumption of zero relative particle 850 velocity is adequate. 851 Viscous effects during particle approach
852
The acceleration time scale defined above is based on New-853 ton's law of motion considering capillary forces only. Clearly, 854 viscous forces will retard the particles' relative motion, and 855 hence we expect that the typical particle interaction time is 856 larger than t 
whereF vis is the viscous force,F cap is the capillary force, and 859 m is the mass of one particle. For small particles (i.e., in case 860 the particle size is smaller than the capillary length), the gravi- [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 24 . Effect of the initial bridge shape on the bridge filling process (h [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
866 where R is the particle radius, S is the half separation distance 867 between the particle surfaces, and V b is the liquid bridge vol-868 ume. Pitois et al. 14 and Darabi et al.
2
, also provided a model for 869 the capillary force that accounts for the bridge volume effect. 870 For fully wetted particles their capillary force model is:
871
Substituting the model for the viscous and capillary force 872 into Eq. 25, and using typical initial conditions (i.e., an initial 873 separation of 10% of the particle radius, and particles initially 874 at rest), we obain the following differential equation:
875
Integrating the above equation in time is straight forward 876 (e.g., using Matlab V R ), and we have chosen two sets of parame- Table  T4 4. The particle size is chosen to be 10 lm, the liquid 880 bridge volume is chosen to be 20% of the particle volume, the 881 Reynold number is defined by the capillary speed, the particle [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Table 2 Figure 27 ). These particle velocities are below 914 the typical liquid speed for early times (i.e., t 1 5 1, see Figure   915 2). For longer times both the liquid and particle speed 916 decreases rapidly, the particles' surfaces touch (at t 1 between 917 5 and 50 depending on the viscosity of the liquid, see [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure 27 . Time evolution of the relative particle velocity during the acceleration phase of two approaching particles (parameters are the same as in Figure 26 ).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] 933 properties. Our results are summarized in Figure  F28 28, highlight-934 ing that collisions in typical applications we are interested in 935 (i.e., fluidized beds) are mostly gentle: the typical impact 936 speed is in the order of 10% of the particles' terminal settling 937 velocity. Also, we observe from Figure 28 that particle colli-938 sions are primarily oblique, that is, the particles' relative speed 939 in the tangential direction (at the contact point) is smaller than 940 that in the normal direction. In Appendix C we summarize 941 more data for sedimenting suspensions, which show a similar 942 qualitative behavior and a moderate increase of the impact 943 speed when decreasing the particle concentration. Clearly, our 944 data supports our assumption of quasi-static bridge filling for a 945 wide range of wet particulate systems with rather thick liquid 946 films and a rather low liquid viscosity.
947
Of course, the relative speed of particles in a wet collision 948 event is set by the process, and we have only considered a wet 949 fluidized bed here. Clearly, it is necessary to check the appro-950 priateness of our model for a specific application via a prior 951 analysis of typical particle relative velocities. 952 
Conclusions
953
A new model to predict dynamic liquid bridge formation 954 between two wet particles has been presented in this article. 955 This model is based on DNS data, which were obtained by 956 extracting the interface position from VoF-based simulations 957 of the bridge filling process. The liquid bridge volume was 958 defined based on a characteristic neck position, and a DIM 959 was employed to calculate the liquid bridge volume. This 960 allowed us building a dynamic model for predicting the bridge 961 volume, and the liquid remaining on the particle surfaces. 962 Such a model might help to refine our picture of wet particle 963 collisions that previously focused exclusively on predictions 964 of the coefficient of restitution (Donahue et al. 24 , Sutkar 965 et al. 28 ).
966
Our model differentiates between (1) a fast initial bridge 967 formation stage where the dimensionless time is less than a 968 reference time for capillary-driven viscous flow, and (2) a sub- 969 980 been proposed. Specifically, we consider that the mobilities 981 are functions of the film height and the separation distance. In 982 summary, our model is valid for liquid bridge formation 983 between two identical particles coated with thin continuous 984 films (i.e., an initial relative film height of less than 10% of the 985 particle radius). 986 We observed that our results obtained from the DNS are 987 independent of the Reynolds number, as well as the density 988 ratio between the liquid coating the particles and the ambient 989 gas. This suggests that our model is applicable to a wide range 990 of gas-particle systems involving wet particulate systems. The mass balance equations detailed in the manuscript can be 1375 normalized and written for the simplest case of a two-particle 1376 collision: Exploiting the total mass balance, that is, Eq. A3, assuming 1379 that a i is a constant for the pair of particles, and taking the time 1380 derivatives of the above equations, we arrive at:
1381 where L 
Third, the ring-shaped region is divided into two sub-regions, 1418 which have the heights h cyl,1 and h cyl,2 as sketched in Figure B1 .
1419
The ring-shaped sub-region 1 has the volume V Figure C1 . Distribution of the relative particle velocity at impact in a dilute (bottom panel; / p 5 0.05) and dense (top panel; / p 5 0.30) cloud of freely sedimenting particles (the inserts illustrate individual-particle velocities in the vertical direction).
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] Figure B1 . Sketch illustrating the unknown variables in the calculation of the geometrical bridge volume type II.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary. We summarize statistics of the relative particle speed at 1437 impact in a fully periodic domain using soft-sphere Euler-1438 Lagrange simulations using the code CFDEM V R (Kloss et al. 51 ).
1439
Particles were allow to sediment under the action of gravity, 1440 while their weight (and that of the surrounding gas) was bal-1441 anced by a pressure gradient, similar to our previous work (see, 1442 Radl 
